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The effect of the human immunodeficiency type 1 (HIV-1) Rev protein on the splicing and cytoplasmic accumulation of
HIV-1 RNAs was investigated in COS and T cells. Subgenomic and genomic constructs were used which expressed varying
levels of complexity in their potential RNA constituents. Using all constructs, in both cell types, an inhibitory effect of Rev
on the level of fully spliced HIV-1 RNAs could be demonstrated. An increase in the nuclear level of unspliced pre-mRNA
was seen in the presence of Rev with genomic constructs. Thus, the inhibitory effect on splicing was not merely due to
enhancement of nuclear export of the pre-mRNA with these constructs. In both cell types, a positive effect of Rev on the
cytoplasmic accumulation of HIV-1 RNAs could also be seen. However, in T cells, the Rev-dependent RNAs were still
capable of accumulating at a reduced level in the cytoplasmic fraction in the absence of Rev. The identity of the cell type,
construct, and RNA species impacted on the phenotypic manifestation of Rev function. q 1997 Academic Press
INTRODUCTION et al., 1989; Malim et al., 1989a,b,c; Fischer et al., 1994,
1995). This may involve the interaction of Rev with a
HIV-1 is faced with a complex problem integral to the nucleoporin-like protein (Bogerd et al., 1995; Fritz et al.,
viral life cycle. The virus must express unspliced, partially 1995; Stutz et al., 1995). It also has been demonstrated
spliced, and fully spliced RNAs from a single primary that Rev enhances the stability and translation of the
transcript (Arya et al., 1985; Muesing et al., 1987). The RRE-containing HIV-1 RNAs in several experimental sys-
production of these RNAs must be regulated to ensure tems (Felber et al., 1989; Arrigo et al., 1991; Cochrane et
the appropriate level and temporal production of each of al., 1991; Lawrence et al., 1991; D’Agostino et al., 1992).
these RNAs. The Rev protein of HIV-1 is intimately in- Only a single report has analyzed the effect of Rev in
volved in this regulation (Feinberg et al., 1986; Sodroski cells which can be infected by HIV-1 (Malim and Cullen,
et al., 1986). Rev binds to a specific RNA binding site 1993). The authors of this report concluded that, in T
within the unspliced and partially spliced RNAs termed cells, Rev functions to enhance nuclear stability and ex-
the Rev-responsive element (RRE) (Daly et al., 1989; port of the RRE-containing RNAs and does not affect the
Felber et al., 1989; Perkins et al., 1989; Zapp and Green, level of splicing of these RNAs. In this report, construct-
1989; Cochrane et al., 1990; Heaphy et al., 1990; Malim specific and cell-specific effects were examined using a
et al., 1990; Olsen et al., 1990). The binding of Rev to variety of genomic and subgenomic constructs in tran-
these RNAs is required for expression of protein from sient transfections of T and COS cells.
these RNAs (Rosen et al., 1988; Felber et al., 1989; Had-
zopoulou et al., 1989; Hammarskjold et al., 1989; Malim
MATERIALS AND METHODSet al., 1989a,b,c). The role of Rev in the regulation of viral
structural protein production appears to be multifaceted. Plasmid constructions
The Rev protein has been shown to inhibit the level of
splicing in a variety of experimental systems (Chang and CSF, previously termed pYKJRCSF/EBV-, and DSAL,
Sharp, 1989; Arrigo et al., 1989; Felber et al., 1989; Ham- previously termed DSAL/EBV-, are genomic proviral con-
marskjold et al., 1989; Malim et al., 1988). In addition, structs which have been previously described (Arrigo et
Rev facilitates the cytoplasmic accumulation of RNAs al., 1991). The subgenomic env constructs CSF BSSH
containing the RRE in a variety of experimental systems and DSAL BSSH were made by deleting 5084 base pairs
(Emerman et al., 1989; Felber et al., 1989; Hammarskjold from CSF and DSAL, respectively. The deletion begins
just upstream of the major splice donor at nucleotide 711
(BsshII site) and ends at nucleotide 5796 (SalI site). This1 To whom correspondence should be addressed at Department of
deletion removed sequences from the major splice donorMicrobiology and Immunology, Medical University of South Carolina,
to just past the splice acceptor for tat. These sites wereBasic Science Building, Room 201, 171 Ashley Ave., Charleston, SC
29425-2230. Fax: (803) 792-2464. E-mail: arrigosj@musc.edu. made flush with Klenow and ligated. Both the DSAL and
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DSAL BSSH constructs contain a frameshift mutation at (Arrigo et al., 1991). PCR was performed for 20 cycles to
detect unspliced RNA in both COS and T cells. Splicednucleotide 8482, thereby generating a truncated, non-
functional Rev protein (Arrigo et al., 1992). RNA was detected by PCR for 15 (COS) or 20 cycles (T
cells).The subgenomic gag/env constructs CSF-A and RoSt-
A were generated by deleting an AvrII fragment from The RNAs produced by subgenomic gag/env and pro-
viral constructs were detected with previously describedCSF, while DBX-A was generated by deleting the same
fragment from DBX (Arrigo et al., 1991; Arrigo and Huff- oligonucleotide primer pairs. (Arrigo et al., 1989, 1990,
1991). In both T and COS cells, unspliced and fullyman, 1995; Campbell et al., 1996). This was performed
by treating the DNA with AvrII and with T4 DNA ligase. spliced RNAs were detected by PCR for 20 cycles, while
all partially spliced RNAs were amplified for 25 cycles.This deletion spans nucleotides 2012–5672 and deletes
from sequences within gag to sequences within vpr. Fully spliced nef RNA produced by the genomic con-
structs was detected using LA8/ROST-I (Campbell et al.,RoSt-A also contains a point mutation which inserts a
translational stop codon at 8400, thereby truncating Rev 1996). MHC class I was detected by RT-PCR using oligo-
nucleotide primer pairs MHC-S (5*-GGAGTGGCTGCG-after 37 amino acids (Campbell et al., 1996). DBX-A also
contains a deletion of 936 bases, from nucleotide 7323 CAGACACCTGGAG-3*) and MHC-A (5*-GTAGAAGCC-
CAGGGCCCAGC-3*) for 25 cycles of PCR. These oligonu-to 8295, deleting the RRE. All modification enzymes were
obtained from New England Biolabs. cleotides hybridize at highly conserved regions in exons
3 and 4 of rabbit (Marche et al., 1985) and human (Belich
Cell culture and transfection et al., 1992) MHC class I. U1 RNA was detected by ampli-
fication for 6 cycles of PCR as previously described
COS and JM T cells (Schneider et al., 1977) were main-
(Campbell et al., 1994). RNA produced from the CMVneo
tained in Iscoves medium with 10% fetal calf serum. Cells
construct was detected by 25 cycles of RT-PCR as pre-
were electroporated with 50 or 100 mg of DNA as pre-
viously described (Arrigo and Chen, 1991). Unspliced b-
viously described (Arrigo et al., 1989). In cotransfections
actin pre-mRNA was detected using primer pairs ActE5
with pCMV-rev, a filler construct (pcDNA3, Invitrogen)
(5*-TGGCACCCAGCACAATGAAG-3*) and ActI5 (5*-TGG-
was used to normalize the total amount of DNA to 100
ATGTGACAGCTCCCCAC-3*) for 25 cycles of RT-PCR.
mg. For the quantitation performed in Table 1, 20 mg of
The ActE5 and ActI5 oligonucleotides are homologous
pCMVneo was cotransfected with either CSF or DSal to
to the human b-actin sequence within exon 5 and intron
serve as a control for transfection/recovery efficiency.
5, respectively. The products from the RT-PCR were re-
The Bio-Rad gene pulser was used with 0.4-cm cuvettes.
solved on 6% acrylamide gel and detected by autoradiog-
Electroporations were performed at 250 V with a capaci-
raphy. To analyze the distribution of individual RNAs, the
tance of 960 mF. The transfected cells were grown 12–
bands were quantitated using a Molecular Dynamics
18 hr before harvesting.
phosphorimager. The percentage of each individual RNA
per fraction compared to the total amount of that RNARNA isolation and analysis
was calculated and displayed by Cricket Graph.
The cells were initially lysed with 0.05% NP-40 lysis
buffer (0.05% NP-40, 50 mM KCl, 5 mM MgCl2 , 10 mM RESULTS
Tris pH 8.0) (Malim and Cullen, 1993). The lysate was
Effect of Rev in COS cells
centrifuged at 900 g for 1 min. The supernatant was
removed and designated cytoplasmic fraction 1 (cyto 1). COS cells have been used extensively to assess the
effect of Rev on HIV-1 RNA expression (Malim et al.,The remaining pellet was lysed in 0.65% NP-40 lysis
buffer (0.65% NP-40, 150 mM NaCl, 1.5 mM MgCl2 , 10 1988, 1989a,b,c; Emerman et al., 1989; Hammarskjold et
al., 1989; Hope et al., 1990; Cochrane et al., 1991). InmM Tris pH 8.0) (Arrigo et al., 1989) and centrifuged at
900 g for 1 min. The supernatant was designated cyto- many cases, subgenomic env constructs have been em-
ployed. In contrast to infectious clones of HIV-1, theseplasmic fraction 2 (cyto 2). The final pellet was desig-
nated the nuclear fraction. RNA was isolated as pre- constructs produce only two classes of RNA, spliced and
unspliced. Experiments using these constructs in COSviously described (Arrigo et al., 1989). Two incubations
with RNase-free DNase were performed to remove any cells have shown that, in the absence of Rev or the RRE,
the unspliced RNA is defective in cytoplasmic accumula-DNA in the samples (Arrigo et al., 1989).
RT-PCR was performed as previously described (Ar- tion. These results support the idea that Rev is required
for the cytoplasmic accumulation of HIV-1 RNAs. Werigo et al., 1989, 1990, 1991). Threefold dilutions of RNA
from transfected cells were used to determine the quanti- wished to examine construct- and cell-type-specific ef-
fects of Rev with regard to effects on cytoplasmic accu-tative nature of the RT-PCR analysis. In experiments us-
ing the subgenomic env constructs, unspliced and mulation and the levels of spliced and unspliced RNAs.
To examine the construct-specific effects of Rev, wespliced RNAs were detected using the oligonucleotide
primer pairs LA45/AA821 and LA45/LA41, respectively generated the subgenomic env constructs CSF BSSH
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FIG. 1. Constructs used for analysis of Rev function. Schematic diagram of the HIV-1 genome, constructs employed in this study, and the major
RNA species. CSF has been previously described as pYKJRCSF/EBV-, while DSAL has been described as DSAL/EBV-. Open boxes signify the
extent of deletion within each construct. The presence of the RRE is indicated in all constructs except DBX-A, which contains a 936-bp deletion
that removes the RRE. In RoSt-A, the T indicates a translational stop codon in rev, while the X in DSAL and DSAL BSSH indicates a frameshift
mutation in rev.
(wild-type) and DSAL BSSH (Rev-) (Fig. 1). Both con- cytoplasmic components, such as RNAs associated with
membrane-bound polysomes. The remaining pellet wasstructs contain a 5084-base-pair deletion which deletes
sequences from just upstream of the major splice donor harvested as the nuclear fraction. This procedure al-
lowed discrimination between two distinct cytoplasmicto just downstream of the tat splice acceptor. These con-
structs should produce only two classes of RNA: un- fractions and a nuclear fraction. This fractionation proce-
dure results in the separation of the bulk of the cellularspliced and spliced (Fig. 1). To confirm that these sub-
genomic env constructs were regulated by Rev similarly tRNA into the cyto 1 fraction, 18S and 28S ribosomal
RNAs into the cyto 1 and cyto 2 fractions, and the ribo-to previously described env constructs, these constructs
were transfected into COS cells. COS cells were har- somal precursors into the nuclear fraction (data not
shown). RNA was prepared from these fractions and cellvested using a three-step fractionation protocol. Initially,
the cells were lysed using a low concentration of NP-40 equivalents of RNAs were analyzed by RT-PCR using
oligonucleotide primer pairs specific for spliced and un-(0.05%), providing a gentle cytoplasmic extract, cyto 1.
This fraction was expected to contain soluble cyto- spliced RNA (Fig. 2). Cell equivalents of RNA were used
to allow direct comparison of nuclear and cytoplasmicplasmic components. Next, a higher concentration of NP-
40 (0.65%) was used to release additional cytoplasmic fractions. Analysis of the cytoplasmic fractions indicated
that, in the presence of Rev, the level of unspliced RNARNA, providing a more stringent cytoplasmic extract, cyto
2. This fraction was expected to contain less soluble was increased. Without Rev, little or no unspliced RNA
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crease in the level of fully spliced RNA was seen in the
presence of Rev and the RRE. Analysis of the nuclear
fractions indicated that the level of partially spliced RNA
was not substantially affected by the presence of Rev or
the RRE. However, in the presence of Rev and the RRE,
the level of unspliced RNA was increased in the nuclear
fraction. The increase in nuclear unspliced RNA, coupled
with the decrease in fully spliced RNA, indicated that the
inhibition of splicing in this system was not merely due
to enhanced nuclear export of the unspliced RNA. This
is in contrast to results with subgenomic env constructs
(Fig. 2), that did not demonstrate any Rev-dependent dif-
ference in the nuclear unspliced RNA level. Therefore,
differences in constructs impact on the observable RevFIG. 2. Effect of subgenomic env constructs in COS cells. COS cells
were transfected with 100 mg of the indicated constructs. The RNA was phenotype.
harvested and fractionated into cyto 1, cyto 2, and nuclear fractions. RT-
PCR was performed on cell equivalents of RNA from all three fractions. Effect of Rev using subgenomic env constructs
HIV-1 specific oligonucleotide primers were used to detect the indicated
in T cellsRNAs. The presence of rev and the RRE in each of the constructs is
indicated (//0). Threefold dilutions of RNA from transfected cells were Having detected construct-dependent differences in
used to demonstrate the quantitative nature of the RT-PCR analysis.
the phenotypic manifestation of Rev function, we next
wished to compare Rev function in T and COS cells. The
effect of Rev in T cells was first examined using theaccumulated in the cytoplasmic fractions. A concomitant
subgenomic env constructs. CSF BSSH (wild-type) anddecrease in the level of spliced RNA was seen in the
DSAL BSSH (Rev-) were transfected into the JM T cellpresence of Rev. Analysis of the nuclear fractions demon-
line, the cells were separated into cytoplasmic and nu-strated that the presence of Rev did not substantially
clear fractions, and RNA was isolated. Cell equivalentsaffect the level of the unspliced RNA. Therefore, using
of RNA were used in RT-PCR analysis of spliced andsubgenomic env constructs in COS cells, Rev appeared
unspliced RNAs (Fig. 4). Analysis of the cytoplasmic frac-to facilitate the cytoplasmic accumulation of the un-
tions indicated that, in the presence of Rev, the level ofspliced RNA. These results are similar to results from
unspliced RNA was increased. Also, a decrease in theother groups using similar constructs in COS cells (Emer-
man et al., 1989; Hammarskjold et al., 1989; Malim et al.,
1989a,b,c).
Having established an RNA profile for subgenomic
constructs in COS cells, we wished to compare the re-
sults with subgenomic env constructs, which only pro-
duce two classes of RNA, with constructs which produce
all three classes of HIV RNAs. Constructs were used
which expressed all three size classes of HIV-1 RNA:
unspliced, fully spliced, and partially spliced (Fig. 1).
These constructs were designed to be noninfectious and
contain a large deletion of gag, pol, vif, and vpr se-
quences. These gag/env constructs, CSF-A (wild-type),
DBX-A (RRE-), and RoSt-A (Rev-), were transfected into
COS cells. Cells were fractionated and RNA was pre-
pared. Cell equivalents of RNA were analyzed by RT-PCR
to determine the level of unspliced (gag/pol), fully spliced
(tat/rev), and partially spliced (env/vpu) RNA in the cyto-
plasmic and nuclear fractions (Fig. 3). Analysis of the FIG. 3. Effect of Rev using subgenomic gag/env constructs in COS
cytoplasmic fractions indicated that, in the presence of cells. COS cells were transfected with 50 mg of the indicated constructs.
Rev and the RRE, the levels of both the unspliced and The cells were harvested and fractionated into cyto 1, cyto 2, and
nuclear fractions. RT-PCR was performed using cell equivalents ofpartially spliced RNA were increased. Without Rev or
RNA and HIV-1 specific oligonucleotide primers to detect the indicatedthe RRE, little or no unspliced or partially spliced RNA
RNAs. The presence of rev and the RRE in each of the constructs is
accumulated in the cytoplasmic fractions. Therefore, in indicated by a / or 0. Threefold dilutions of RNA from transfected
this system, Rev also appeared to enhance the cyto- cells were used to demonstrate the quantitative nature of the RT-PCR
analysis.plasmic accumulation of the Rev-dependent RNAs. A de-
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increase in nuclear unspliced RNA, coupled with the de-
crease in fully spliced RNAs, indicated that the inhibitory
effect of Rev on the level of splicing in T cells was not
merely due to enhanced nuclear export of the unspliced
RNA. Although the nuclear levels of partially spliced RNA
were similar in the presence or absence of Rev, the
cytoplasmic level was increased in the presence of Rev.
These results indicate that in T cells, similar to results
in other cell types, Rev promotes the cytoplasmic accu-
mulation of the Rev-dependent RNAs. In contrast to COS
cells, substantial levels of cytoplasmic partially spliced
RNAs were observed in the absence of Rev.
Effect of Rev using genomic proviral constructs
in T cells
FIG. 4. Effect of Rev using subgenomic env constructs in T cells. T In both COS and T cells, the use of gag/env constructs
cells (1 1 107) were transfected with 100 mg of the indicated subgeno- expressing all three classes of HIV-1 RNA resulted in a
mic env constructs. The cells were harvested, fractionated, and ana-
substantial increase in levels of nuclear unspliced RNAlyzed by RT-PCR as in Fig. 2. The presence of rev and the RRE in each
in the presence of Rev and the RRE. This is in contrastof the constructs is indicated by a / or 0.
to results with subgenomic env constructs expressing
only two classes of HIV-1 RNA, which demonstrated little
level of spliced RNA was seen in the presence of Rev. or no difference in nuclear unspliced RNA levels. It ap-
Analysis of the nuclear fractions demonstrated that the peared that the complexity of the construct might be
presence of Rev did not substantially affect the level of impacting on the effect of Rev on the nuclear unspliced
the unspliced RNA. These results indicated that Rev was RNA level. Therefore, we wished to determine whether
promoting the cytoplasmic accumulation of the unspliced genomic proviral constructs, which express two addi-
RNA in T cells. In contrast to COS cells, substantial levels tional partially spliced RNAs not found in other con-
of unspliced RNA were observed in the cytoplasmic frac- structs, would closely resemble the gag/env constructs
tion in the absence of Rev. in their phenotypic manifestations of Rev function. The
genomic proviral constructs had been previously charac-
terized in B cells and COS cells (Arrigo et al., 1991). InEffect of Rev using subgenomic gag/env constructs
in T cells these cell types, Rev had induced an increase in the
level of nuclear unspliced RNA and a decrease in the
In COS cells, construct-dependent differences in the
specific phenotypic manifestations of Rev function had
been demonstrated. Therefore, we expected that con-
struct differences would also impact on the Rev pheno-
type seen in T cells. The gag/env constructs were trans-
fected into the JM T cell line, and the cells were fraction-
ated into cytoplasmic and nuclear fractions. RNA was
prepared from these fractions and quantitative RT-PCR
was performed using oligonucleotide primers specific for
unspliced (gag/pol), fully spliced (tat/rev), and partially
spliced (env/vpu) RNAs (Fig. 5). Analysis of the cyto-
plasmic fractions indicated that, in the presence of Rev,
the levels of unspliced and partially spliced RNA were
increased relative to the levels observed in the absence
of Rev or the RRE. In the presence of Rev and the RRE,
the cytoplasmic level of fully spliced RNA was decreased
relative to the level observed in the absence of Rev or
the RRE. Analysis of the nuclear fractions indicated that,
in the presence of Rev and the RRE, the level of unspliced
FIG. 5. Effect of Rev using subgenomic gag/env constructs in TRNA was increased relative to the level observed in the
cells. T cells (1 1 107) were transfected with 50 mg of the indicated
absence of Rev or the RRE. Similar to results in COS subgenomic gag/env construct. The cells were harvested, fractionated,
cells, this increase in nuclear unspliced RNA was not and analyzed by RT-PCR as in Fig. 3. The presence of rev and the RRE
in each of the constructs is indicated by a / or 0.seen with the subgenomic env constructs (Fig. 4). This
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DSal. Only 14% of the U1 RNA was found in cyto 1, 19%
was found in cyto 2, and 67% was found in the nuclear
fraction. None of the HIV-1 RNAs demonstrated a distribu-
tion pattern similar to that seen with U1. Seventy-five per-
cent of the fully spliced nef RNA was in cyto 1, 16% in
cyto 2, and 8% in the nuclear fraction. The partially spliced
RNAs (env/vpu, vif, and vpr) were found predominantly in
cyto 1 (43–55%) and nuclear (31–48%) fractions. Un-
spliced gag/pol accumulated to the greatest extent in the
nuclear fraction (53%), with 33% in cyto 1 and 14% in cyto
2 fractions. Although U1 RNA demonstrated a distribution
profile consistent with that of a nuclear RNA and the Rev-
independent nef RNA demonstrated a profile consistent
FIG. 6. Effect of Rev using proviral genomic constructs in T cells. T with that of a cytoplasmic RNA, the Rev-dependent RNAs
cells (1 1 107) were transfected with 5 mg of the indicated constructs exhibited a unique profile in that they did not resemble
in the presence of the indicated amount of a Rev-expressing construct that of either a nuclear or a cytoplasmic RNA.
(pCMV-rev; Lewis et al., 1990). The RNA was harvested and fractionated
In T cells transfected with the wild-type construct, theinto cyto 1, cyto 2, and nuclear fractions and RT-PCR was performed
distribution of both U1 and nef RNAs was similar to thatusing cell equivalents of RNA and oligonucleotide primers specific for
the indicated RNAs. Threefold dilutions of RNA from transfected cells with the Rev mutant construct. The presence of Rev al-
were used to determine the quantitative nature of the RT-PCR analysis. lowed for an increased percentage of cytoplasmic accu-
mulation of both unspliced and partially spliced RNAs
(49–81% in cyto 1). These results confirm that, in T cells,level of fully spliced RNA. T cells were transfected with
these constructs, cells were fractionated, and RNA was Rev enhances the cytoplasmic accumulation of the Rev-
dependent RNAs. Additionally, in the cyto 2 fraction, theprepared. In this experiment, varying levels of a Rev-
expressing plasmid were cotransfected with the Rev-mu- only RNA which demonstrated a significant increase in
percentage in the presence of Rev was env/vpu. This maytant construct to assess the impact of Rev in trans. Cell
equivalents of RNA were analyzed for the levels of the be indicative of the translation of this RNA on membrane-
bound polysomes.indicated viral and cellular RNAs using RT-PCR analysis
(Fig. 6). Analysis of cytoplasmic fractions demonstrated To examine more rigorously the cytoplasmic accumu-
lation in T cells of the Rev-dependent RNAs in the ab-results similar to those obtained with the gag/env con-
structs. That is, in the presence of Rev, the levels of sence of Rev, we transfected the Rev-deficient DSal con-
struct into T cells and performed fractionations in tripli-cytoplasmic unspliced and partially spliced RNAs were
increased with a concomitant reduction in fully spliced cate. RNA was prepared and RT-PCR performed. The
results were quantitated and are presented in graphicRNAs. Analysis of nuclear fractions likewise demon-
strated results similar to those obtained with the gag/env format in Fig. 7. Error bars indicate the maximal deviation
from the average value obtained. The relatively small sizeconstructs. The unspliced nuclear RNA was increased
substantially in the presence of Rev. Comparison of the of these error bars attests to the reproducibility of this
assay procedure. In this experiment, a nuclear unsplicedratio of nuclear to cytoplasmic unspliced and partially
spliced RNAs also indicated a positive effect of Rev on b-actin pre-mRNA was used as a control for nuclear
leakage. Approximately 10% of this RNA was found incytoplasmic accumulation of these RNAs. The results
were similar with both Rev supplied in cis (CSF) and in the cyto 1 fraction; almost 90% of this RNA was found
in the nuclear fraction. The accumulation of the Rev-trans (DSal / pCMV-rev); however, the results with Rev
supplied in trans were not as pronounced. This may be independent nef RNA in the cyto 1 fraction was approxi-
mately 66%. In contrast, the accumulation of the Rev-due to either a lower level of Rev in these transfections
or the production of a mutated (potentially interfering) dependent RNAs in the cyto 1 fraction was between 25
and 43%. As an additional control for the fractionationRev protein by the DSal construct. These results, using
genomic proviral constructs in T cells, demonstrate that procedure, MHC class I RNA was analyzed for its subcel-
lular distribution. This RNA was chosen due to the factRev enhances cytoplasmic accumulation of HIV-1 RNAs
and reduces the level of the fully spliced HIV-1 RNA. that MHC class I is a glycosylated protein and should
therefore be translated predominantly on membrane-Although Rev was shown to enhance the cytoplasmic
accumulation of unspliced and partially spliced RNAs in bound ribosomes (Parham et al., 1977). Approximately
55% of this RNA was found in the cytoplasmic fractions,T cells, substantial levels of these RNAs accumulated in
the cytoplasm in the absence of Rev (DSal; Fig. 6). Quanti- with almost half of this RNA in the cyto 2 fraction. There-
fore, this RNA demonstrated a subcellular distributiontation of the percentage of unspliced (gag/pol), partially
spliced (env/vpu, vif, and vpr) and fully spliced (nef) RNAs similar to that of env RNA in the presence of Rev. The
accumulation of substantial amounts of MHC class I RNAin each fraction was performed for the transfection with
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FIG. 7. Cytoplasmic accumulation of Rev-dependent RNAs in T cells. JM T cells (3 1 107) were transfected with 150 mg of the Rev-deficient
proviral construct DSal. RNA was harvested and fractionated, in triplicate, into cyto 1, cyto 2, and nuclear fractions. RT-PCR was performed using
oligonucleotide primers to detect the indicated RNAs. The PCR products were resolved on a 6% polyacrylamide gel and quantitated using a
Molecular Dynamics phosphorimager. The percentage of each individual RNA in each fraction was calculated and graphed. Error bars indicate
maximal deviations from average values. Threefold dilutions of RNA from transfected cells were used to determine the quantitative nature of the
RT-PCR analysis.
in the cyto 2 fraction may reflect the translation of this nuclear env RNA was also observed. These results
clearly show that, in T cells, Rev downregulates the levelRNA on membrane-bound polysomes. These results indi-
cate that, using a genomic proviral construct in T cells, of fully spliced HIV-1 RNA and upregulates the level of
nuclear unspliced RNA.Rev was not necessary for significant cytoplasmic accu-
mulation of the Rev-dependent RNAs.
We wished to better quantitate the effect of Rev on the DISCUSSION
levels of the unspliced and spliced HIV-1 RNAs. Wild-
type and Rev-mutant proviral constructs were transfected The effects of Rev have been elucidated using a wide
variety of cell types and Rev-dependent vector systems.into T cells, together with a control plasmid, CMVneo
(Arrigo et al., 1991), to control for transfection and harvest Many differences in apparent Rev function have been
seen in these systems. The HIV-1 Rev protein has beenefficiency. Cells were fractionated, RNA was prepared,
and RT-PCR was performed to detect specific RNAs. The reported to influence the splicing, nuclear export, stabil-
ity, and translation of HIV-1 RNAs. In this report, we com-results were quantitated and normalized using the re-
sults from RT-PCR of the RNA produced by the control pare the degree to which differences in cell type, con-
struct, and RNA species impact on the effect of Rev onplasmid. The normalized amounts of RNA in each fraction
were compared in the presence and absence of Rev to HIV-1 RNA expression. A T cell line and fibroblast cell
line were compared using constructs which varied indetermine the fold increase or decrease. The results from
three experiments are shown in Table 1. This table their potential RNA products. Overall, we find that the
phenotypic manifestations of Rev function are similar inshows the effect of Rev on the level of each of the indi-
cated RNAs. In the presence of Rev, a 3.6- to 14.1-fold the two cell lines. In both cell types, Rev appears to
inhibit the level of fully spliced RNA and increase theincrease in the level of unspliced gag/pol RNA was seen
in the cytoplasmic fractions. In the nuclear fraction, a cytoplasmic accumulation of the Rev-dependent RNAs.
These effects are observable regardless of the construct2.9- to 4.4-fold increase in this RNA was observed. A
concomitant decrease in the level of nef RNA was seen employed.
Only a single previous report has analyzed the effectin all fractions (5.5- to 20-fold). Only a small increase in
the level of env RNA was seen in the cyto 1 fraction; of Rev in T cells (Malim and Cullen, 1993). This group
used cell lines infected with wild-type or Rev-mutant vi-however, a 2.7- to 5.1-fold increase in this RNA was seen
in the cyto 2 fraction. A small decrease in the level of ruses (containing a selectable marker) and selected for
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TABLE 1
Effect of Rev on the Levels of HIV-1 RNAs in T Cellsa
gag/pol env nef
C1 C2 N C1 C2 N C1 C2 N
Expt 1 10.5 3.6 4.4 1.5 5.1 02.5 05.5 020.0 ND
Expt 2 6.1 14.1 4.2 1.1 3.8 01.1 05.9 012.5 07.1
Expt 3 6.2 10.5 2.9 1.0 2.7 01.3 010.0 07.7 05.5
a Numbers represent the relative increase or decrease in the level of each RNA in the presence of Rev using genomic proviral constructs in T
cells. Quantitation was determined by phosphorimager analysis of dried gels. Numbers were normalized for transfection/recovery efficiency using
the values for the RNA produced by a cotransfected CMVneo constructs (Arrigo and Chen, 1991). Results of quantitation of three experiments are
shown. The change in RNA levels was determined in the cyto 1 (C1), cyto 2 (C2), and nuclear (N) fractions.
expression of the resistance marker. They demonstrated pre-mRNA and U1 RNA were consistent with that of nu-
clear RNAs. Since the distribution of b-actin pre-mRNAan increase in the level of nuclear and cytoplasmic un-
spliced RNA in the presence of Rev, consistent with our and U1 RNA should provide a good assessment of nu-
clear leakage, the cytoplasmic accumulation of the Rev-results. However, in their experimental system, unspliced
RNA was not detectable in the cytoplasmic fraction in dependent RNAs cannot be attributed to nuclear leakage.
A similar cytoplasmic accumulation of the Rev-depen-the absence of Rev. This group did not directly examine
the subcellular distribution of the partially spliced RNAs; dent RNAs in the absence of Rev has been seen pre-
viously in both B cells and Hela cells using genomichowever, analysis using a probe that detected both un-
spliced and partially spliced RNAs (as a single band) constructs; in both cases, the RNAs were defective in
their translational capacity (Arrigo et al., 1991; D’Agostinodid show some accumulation in the cytoplasmic fraction.
These results are consistent with our demonstration of et al., 1992). Therefore, it seems likely that the effective-
ness of the block to the cytoplasmic accumulation ofreduced, but detectable, cytoplasmic accumulation of the
partially spliced RNAs in the absence of Rev. The largest the Rev-dependent RNAs is cell type dependent. The
complete block to the cytoplasmic accumulation of Rev-difference between the results of this group and our re-
sults is our finding of an effect of Rev on the level of fully dependent RNAs seen in COS cells may be due to either
a more effective trapping in the nucleus or reduced sta-spliced RNAs in T cells. We find that, regardless of the
construct used (or the use of Rev in cis or trans), Rev bility in the cytoplasm. Further experiments will be
needed to discriminate between these possibilities.reduced the level of fully spliced RNAs. This indicates
that Rev does affect the level of splicing in T cells. The A fairly dramatic difference in the phenotypic manifes-
tation of Rev was seen when the subgenomic env con-inability to demonstrate this effect in the previous report
may be attributable to the use of stably selected cells. structs were compared with more complex constructs.
In COS cells and T cells, Rev had little effect on the levelThe demonstration of an effect of Rev on the level of
splicing is not surprising, as it has been previously seen of nuclear unspliced RNA produced by subgenomic env
constructs. With constructs capable of producing allin B cells, Hela cells, and COS cells (Chang and Sharp,
1989; Arrigo et al., 1989; Felber et al., 1989; Hammar- three classes of HIV-1 RNAs, the level of nuclear un-
spliced RNA increased in the presence of Rev. Theseskjold et al., 1989; Malim et al., 1988). The effect of Rev
on the level of splicing in T cells makes it difficult to results indicated that the inhibitory effect of Rev on splic-
ing is not merely due to an increase in the nuclear exportdetermine whether Rev is also exhibiting an effect on the
nuclear stability of the unspliced RNA. of this RNA. One might expect a Rev-dependent decrease
in the nuclear level of this RNA if enhanced nuclear ex-The major observable difference in phenotype be-
tween COS and T cell types is in the absolute require- port was reducing the level of substrate for splicing. How-
ever, in both cell types, the level of nuclear unsplicedment for Rev in the cytoplasmic accumulation of the Rev-
dependent RNAs. In T cells, substantial levels of the RNA increased in the presence of Rev using the subgen-
omic gag/env and proviral constructs. Furthermore, theRev-dependent RNAs were able to accumulate in the
cytoplasm in the absence of Rev. The nef, b-actin/U1, apparent effect of Rev on the Rev-dependent RNAs was
impacted by the species of RNA examined. That is, al-and MHC class I RNAs all exhibited different profiles of
subcellular RNA distribution. The distribution of nef RNA though Rev increased the level of nuclear unspliced RNA
produced by the subgenomic gag/env and genomic con-was consistent with translation of this RNA on free ribo-
somes. The distribution of MHC class I RNA was consis- structs, a small decrease in the nuclear level of the par-
tially spliced RNAs was seen. Although it is clear thattent with translation of this RNA on membrane-bound
ribosomes. The distributions of both unspliced b-actin the inhibition of splicing by Rev is not merely due to
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(1992). The Rev protein of human immunodeficiency virus type 1enhancement of nuclear export, it is still not clear at what
promotes polysomal association and translation of gag/pol and vpu/level Rev is exerting this inhibition. The unspliced pre-
env mRNAs. Mol. Cell. Biol. 12, 1375–1386.
mRNA may not be accessible to the splicing machinery Daly, T. J., Cook, K. S., Gray, G. S., Maione, T. E., and Rusche, J. R. (1989).
within the nucleus or Rev may be directly inhibiting the Specific binding of HIV-1 recombinant Rev protein to the Rev-respon-
sive element in vitro. Nature 342, 816–819.formation of productive splicing complexes. The inability
Emerman, M., Vazeux, R., and Peden, K. (1989). The rev gene productto observe this effect with the subgenomic env constructs
of the human immunodeficiency virus affects envelope-specific RNAmight be due to either the lack of splicing complexity in
localization. Cell 57, 1155–1165.
these constructs or the deletion of cis-acting repressor Feinberg, M. B., Jarrett, R. F., Aldovini, A., Gallo, R. C., and Wong, S. F.
sequences (Rosen et al., 1988; Maldarelli et al., 1991; (1986). HTLV-III expression and production involve complex regula-
tion at the levels of splicing and translation of viral RNA. Cell 46,Schwartz et al., 1992) from these truncated constructs.
807–817.
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